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By Gordon T. Smith and Robert O. Hickel

SUMMARY

The effect of closed or open rotor blade tilps on the performance of
a turbine having hollow rotor bledes was investigated in a 4000-pound-
thrust turbojet engine over a range of equlvalent turbine speeds from
about 80 to 897 percent of rated equivalent turbine speed at several val-
ues of turbine rotor tip clearance. This investigation indicated that
the open tips d4id not reduce the turbine efficiency and may have been
responsible for a small increase in efficiency over the turbine having
closed-tip rotor blades. Generalization of these results suggesting
that open-tip blades will usually glve a turbine performence superior to
closed-tip blades is not warranted because of the limited scope of the
investigation. Reducing the rotor blade tip clearance from about 0.120
to about 0.075 inch resulted in a slight improvement in turbine effi-
ciency for each turbine blade type.

INTRODUCTION

Hollow turblne rotor blades are being considered for use in both
lightweight and air-cooled turbines. The effect on turbine efficiency
of leaving the tips of these blades open has not been fully investigated.
For lightweight, uncooled turbines, the blade tips may be either open or
closed (by capping, e.g.)}). Air-cooled blades will generally have open
tips for radial discharge of cooling air, but at crulse conditions with
reduced turbine-inlet temperatures, even such cooled blades may have no
cooling-air flow.

In order to acquire some preliminery information about the compara-
tive effect of open- and closed-tip rotor blades on turbine performance,
turbines having open~ and closed-tip blades were jnvestigated at the NACA
Lewls laboratory in a 4000-pound-thrust turbojet engine. A set of hollow
blades with open tips was investigated to obtain the turbilne operating
characteristics of this blade configuration. The tips of the blades were
then closed by capping the bledes, and the operating characteristics of
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the turbine were obtained. ' The operating characterlstlcs of each turbine
were compared at three values of turbine blade tip clearance that approxi-
metely cover the tip-clesrance range characteristics of current unshrouded =
turbines. The turbine performance parameters were comp&red over a range

of equivalent turbine speeds from about 80 percent to approximately 97

percent of rated equivalent turbine speed.

SYMBOLS
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The following syuwbols are used in this report:
fuel-air ratic =~ - e T —
total enthalpy, Btu/lb

actual drop of total enthalpy across turbine, Btu/lb

engine speed, rpm

total pressure, lb/sq ft

H W = FE H B

total tempersture, °Rr

Np adliabeatic turbine efficiency
e ratlio of total temperature to NACA standard sea-level temperature
of 518.7° R
Subscripts:
0 test cell
1 compressor inlet
2 compressor dilscharge
3 turbine inlet _
4 engine teil plpe

APPARATUS AND INSTRUMENTATION

The engine used in this lnvestigation was a 4000-pound-thrust pro-
duction engine with a centrifugal, double-faced compressor. The single-
stage axial-flow turbine had 54 unshrouded turbine blades, which differed
from the blades of the standard production turbine as described in the

followlng paragrsphs.
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Turbine Blade Modifications

Blade geometry. - The cross-sectional areas of the blades of this
investigation were greater than those of the standard uncooled engine
rotor blades at all spanwise positions above the blade base. The pro-
Tiles and cross-sectional areas at the hub of the research blades were
the same ss those of the standerd blades. These larger cross-sectiounal
areas were Intended to accommodate relatively large quantities of cool-
ing air necessary for more general air-cooled turbine investigations.

The outside profiles of the research blade and of a standard blade are
compared in figure 1 for the hub, wmidspan, and tip sections of the blades.

The increaese in the cross-sectionsl blade thickness resulted in a
reduced turbine rotor-exlt area which alone would heve altered the metched
cperation of the compressor and turbine units. In order to obtain the
original, uncocled-rotor-exit ares, the amount of twist in the modified
blades was maintained the same as forxr the standard blades, and the entire
airfoll section of the blade was rotated 4° with respect to the axis of
the turbine rotor. This rotation resulted in a slightly different dis-
tribution of the exit area along the blade span for the modified blades
as compared wlth that for the standard blades. The standard stator was
not modified.

Performance characteristics of modified blades. - The turbine rotor
blade modifications Just dlscussed were detrimental to the turbline effi-
clency, which was found to be from 2 to 3% points lower than the effi-
clency of the standard rotor. The thicker average cross sections and
altered blade angles appear to be responsible for the reduced efficlency.

Comparison of open- and closed-tlp rotor blades. - The turbine rotor
blades, with the profile modifications just discussed, were cast of HS-21
high-temperature alloy and lnvestlgated wlth and without blade tip ceps.
Photographs of the standard blede, the open-tip blade, and the closed-tip
blade are shown in figure 2. The struts vislble at the top of the open-
tip blade (fig. 2(b)), which were installed for structural reasons, were
not primarily intended as internal cooling-air fins. These struts, ex~

tending radially inward from the blade tip about l%.inches, were neces-

sary to prevent transverse vibration (oll canning) of the blade tip cross
section. Such vibration led to early fallure of the blede tip region when
these struts were not used.

The closed-tip blades were ldentical wlth the open-tip blades except
that the tip was closed with an 0.018-inch-thick HS-21 alloy cap welded
to the periphery of the blade tip. After welding, the tip caps were
dressed wlth & hand grinder to ensure & smooth, flat blade tlp surface
as shown in figure 2{(c). The nominal length of the open- and closed-tip
blades was the same.



4 <« NACA RM ES5F27a

Engine Instrumentation

Instruments were installed at the measuring stations shown in figure
3 to establish the pérforménce characteristics of the turbine. The in-
strumentation is discussed 1n detall in the following sections.

Temperature measurements. - Total temperatures of the compressor-
inlet air Ty were measured by 1l iron-constantan thermocouples on the

front and rear compressor-inlet alr screens. The compressor-discharge
total temperatures T2 were determined by three iron-constantan thermo-

couples each located on the centerline of a combustlon-chamber-inlet unit.
The englne tall-pipe total temperatures T4 were measured by 25 shielded

chromel-alumel thermocouples located in the engine +tall pipe about 8 feet
downstream of the turbine rotor exit.

Pressure meaéurements. - The total pressure at the inlet to the tur-
bilne stator P3 was measured by total-pressure probes located on the

centerlines of three combustion-chamber-exit sections. The total pres-
sure In the engine tall pilpe P4 was determined at the same axlal posl-

tion as the tall-pipe total temperatures. The total pressures were mess-
ured by 30 total-pressure probes equally divided among filve rakes.

The turbine-exit total pressure was measured downstream of the tur-
bine in the engine tail pipe. The measured total-pressure drop across
the turblne, therefore, included all the total-pressure losses between
the turbine rotor exit and the tall-plpe rake. Unpublished data obtalned
at the NACA Iewls laborstory indlcate that the total-pressure losses in
the englne tail-cone - tail-plpe unit utilized in this investigation
caused a 2- to 5-polint reduction in turbine efficiency relative toc effl-
clency values obtained from instrumentation located immediately downstream
of the turblne rotor exit.

Variations of-the total-pressure losses Just discussed would, of
course, affect the performance compsrisons between the closed- and open-
tip blades, BSince the same tall-cone - tail-pipe configuration was uti-~
lized with both the closed- and open-tip turbine rotors and each was
operated over the same range of englne condlitlons, the mass-flow rates
and pressure levels in the tall cone were the same. Convergent-area con-
figurations like thils perticular taeil-cone - tall-pipe conflgursation have
loss coefficients that are generally insensitive to inlet conditloms,

For this reason, the difference in turbine-exit conditlions caused by the
chenge in turbine blade tip configuration would not be expected to mate-
rially affect the total-pressure loss between the turbine exit and the
tail-pipe measuring station. Therefore, comparisons of turbine effil-
clency with closed- and open-tip rotor blades should be eesentlally un-
affected by the tail-cone total-pressure losses.

3782



28LE

NACA RM ESSF27a L ] 5

General lnstrumentation. - The alr welght flow to the sealed engine
test cell was determined by pressures and temperatures measured in two
18-inch venturi tubes located in ducts supplying air to the test cell.
The ambient-air pressure within the quiescent zone of the sealed test
cell was determined from the static-pressure measurement at station O
(fig. 3). The engine speed was measured by a chronometric tachometer,
and the fuel flow was determined wlth a calibrated rotameter.

PROCEDURES
Experimental Procedure

The engine was operated with a single tail-pipe-nozzle area and
blade tip-clearance setting over & range of equivalent turbine speeds

N/4/63 from about 80 to 97 percent of design velue of 5856 rpm.

In order to determine whether blade tlp clearance had a significant
effect on turbine efficiency for the blade tip shapes investigated, the
turbine performance was obtained for the following values of tip clear-
ance: 0.122, 0.079, and 0.075 inch for the open-tip blade; and 0.118,
0.106, and 0.077 inch for the closed-tip blade. These clearance values,
which were obtalned at room-temperature conditions, are within the allow-
able limits specified for the standard turbine blades of the engline used
in this investigation. Furthermore, this range of clearance values is
similar to that normally specified for other engines of similer size and
pover.

A summary of turbine operating information is presented 1n teble I.
Each series number indicates a separate operstional sequence, which is
depicted in figures 4 snd 5 by the symbols indicsted in the table. The
engine was dlsassembled to permit removal of the turbine rotor and al-
teration of the turbine blades before the runs of serles 2 and 5. During
these disassemblies 2ll important engine clearances were measured, and an
effort was made to duplicate these clearances when the engine was
regssembled., '

The turblne tip clearances shown in tsble I were averaged from 18
individual measurements, eight at the blade leading edges and eight at
the trailing edges. The turbine tip clearances averaging less than 0.080
inch were designated small; and those that averaged more than 0.100 inch,
large. With the exception of series 6, the data range for each series was
duplicated on a separate day of engine operation. The runs of series 1
and 6 constitule data checks with dlfferent engine assembllies, with gbout
20 hours of engine operation occurring between runs. The data of series
2 and 3 also represent a similar check, but the engine was not disassem-
bled between these runs.
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Calculation Procedure

Turbine performance characteristics are presented in terms of the
following turbine parameters: equivalent work (Hz - Hy)/€z, equivalent
speed N[Ajgg; end turbine adiebatic efficiency np. The following con-
ditions were assumed: (1) The power extracted fram the hot gas by the
turbine rotor blades was equal to the power input of the compressor blades
to the incoming sir, and (2) heat losses and gas leskage from the engilne
were negligible. Changes in gas propertlies and ideel turbine work were
determined from charte I and IT of reference 1; variations in the fuel
hydrogen-caxrbon ratic from the value of 0.187 used in chart IT resulted
in negligible errors.

Turbine-inlet temperature was indirectly determined in the follow-
ing way: From assumptions (1) and (2), -

H, - H = (L +f£)(H, - B,)

where the enthalpies 5, Hz, and E; were determined from the messured

temperatures and the fuel-alr ratio. The temperature Tz was then estab-
lished from the enthalpy H3 and the fuel-alr ratio.

RESULTS AND DISCUSSION

During this investigation the turblne pressure ratlo was always high
enough to prevent the turbine eguivalent weight flow from varying = sig-
nificant smount. For this reasoun, the turbine performance as presented
herein shows only the relations of equivalent work and efficlency to equiv-
alent turbine speed.

Basls of Comparison of Closed- and Open-Tip Blades

The operating characteristics of each turbine are compared first for
the range of blade tip clearances investigated. After the sensitivity of
the turbine operating parameters wilth respect to tip clearesnce is estab-
lished, the performances of the closed- and open-tip blades are compared.
Because of the manner in whlch the investigation was made, comparilsons
between the closed- and open-tip turbine blade operating parsmeters are
not entirely free of blade tip-clearance effects. A more significant
comparison between the performance of closed- and open-tip blades can be
made 1if the effects of tip clearsnce are first established for each
turbine.

3782
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The turbine performance data of equivalent work and efficiency are
presented in the following sections as functions of the equivalent tur-
bine speed. Efficiencies of closed- and open-tip blades are compared at
comnon values of equlvalent turbine speed.

Effect of tip clearance on equivalent turbine work. - Figure 4(a)
1ndicates the effect of tip clearance on the location of the turbine
operating lines for both the closed- and open-tip blades. The data for
the closed-tip rotor blades show no consistent separation that can be
attributed to tip clearance, since the lower line appears to correlate
both & set of large~ and swall-tip-clearance data. The separstion of
the two operating lines apparently indicates the degree of reproducibllity
of the data during seperate tests. In fact, the principal separation in-
dicated by the two operating lines 1s bhetween two sets of large-tip-
clearance data rather than between the large- and small-tip-clearance
data.

For the open-tip rotor blades, no distinct difference existed be-
tween locatlons of the large- and small-tip-clearance data; and, as be-
fore, the principal separation of the operailng lines was between the
common tip-clearance data (small tip clearances in this case)} rather than
between the large- and small-tip-clearance date. These results indicate
that, within the accuracy and procedures of thls investigation, tip clear-
ance generally has a small effect on the location of the turbine operating
lines.

Effect of tip clesrance on turbine efficiency. - Comparisons of the
turbine efficlency between the large-~ and small-tip-clearance runs are
shown for both the closed- and open-tip blades in figure 4(b). The pre-
vious compexrisons of the positions of the turbine operating lines showed
no separation that could be attributed to the turbine rotor tip clearance.
Furthermore, the degree of separation that exists between the operating
lines is so small that no significant change in turbine efficlency could
be expected from & change in turbine operating point, 1f the comparlisons
are made at a counstant value of equivalent turbine speed. The foregoing
ils equivalent to saylng that, for purposes of comparing turblne-efficiency
values, a comparison at any particular value of equivalent turbine speed
corresponds to a comparison at a common polint on a turbine map.

For the closed-tip blades (fig. 4(b)}, the effect of reducing.the

tip clearance from 0.119 to 0.077 inch was to increase the turbine effi-
clency 1 to 2 points in the range of corrected turbine speeds from 5300

to 5600 rpm. For the open-tip blades, reducing the tip clearance again
had the effect of increasing the turbine efficiency about 1 to 2 polnts
over the range of equlvalent turbine speeds investigated. The data In-
dicate no progressive change in turbine performance that can be attributed
to accumulation of operational time.
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Effect of Tip Shape on Turbine Performance

In this section; the turbine performence cheracteristics of the
closed- and open-tip blades are compared for each of the two tip-
clearance ranges lnvestigated. Comparisons are first made between data
for the 0.077-inch clearence closed-tip blade and the 0.075 and 0.079-
inch open-tip blade. The second comparison 1s between data for the 0.122-
inch clearance open-tip blade and the 0.119- asnd 0.106-inch clearance
open-tip blade. : .

3782

The comparisons made in the previous sectlon showed no effect on the
position of the turbine operatling lines attributeble to turbine rotor tip
clearance., The effect of gbout a 0.040- to 0.050-inch change in tip
clearance for both the closed- and open-tip blades resulted 1ln, at most,
8 2-point change in turbine efficiency. It is reasonsble to expect,
therefore, that comparisons among both the small- and the lerge-tip-
clearance data wlll be essentially independent of effects resultling from
changing tlp clearance and should glve & reasonable indication of the
performance of the open-tip blades relatlve. to the closed-tip blades.

Comparisons of small-tip-clearance data. - The turbine pexrformance
characteristics obtalned within the small-tip-clearance range are pre-
sented in figure S(a). Both sets of open-tip blade data fall sbove the
operating line of the closed-tip blade data. The difference between the
0.075-inch operating line of the open-tip data and the operating line of
the 0.077-inch closed-tip data was 0.1 to 0.2 Btu per pound, while the
separatlion of the two open-tlp operating lines was approximately-twice
this amount. Since reasonably good agreement was obtained between the
efficiency values of the open-tip, small-tlp-clesrance data (lower part
of fig. 4(a)), it seems reasonsble to assume the slight downwerd dis-
placement of the closed-tlp operating line will not materially affect
the efficlency comparisons between the closed~ and open-tip turblne effi-
ciencies. As in the case of the tip-clesrance comparisons, this 1s equiv-
alent to assuming that comperisons made at a particular value of egquiva-
lent turbine speed are belng made at identical map polnts for both turblne
rotors.

Efficiencies for the closed- and opeun-tip turbine rotors obtalned
with the small tip clearances are also shown in figure 5(a). The down-
ward displacement of the closed-tlp line from the mean line of the open-
tip date 1s from 17
bine speeds investigated. For reasons dlscussed previously, the lmproved
efficlency of the open-tip turblne rotor blades cannot be explained by -
either tip-clearance differences or changes in turbine operating points.

The superior performance of the open-tip blades, therefore, appesrs to
be caused by the characteristic open-tip configuration. -

toc 2 polnts over the entire range of equivalent tur-
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Comparison of large-tip-clearance data. - Figure 5(b) presents the
relative locations of the turbine operating lines obtained with the large-
tip-clearance data. As was the case with the small-tip-clearance data,
the open-tip data line falls soméwhat above the operating line for the
cloged-tip datae. In this case, there is a good correlation between the
two sets of closed-tip large-tip-clearsnce data. The separation of the
two operating lines of figure 5(b) is approximately the same as the dis-
placement noted between the 0.077-inch closed-tip blade data and the
0.079-1nch open-tip data of figure 5(a).

The efficiency data obtained for the large—tiﬁ—clearance runs are
shown in the lower part of figure 5(b)}. The open-tip data, again, were
from L% to 2 points higher than the closed-tip data over the entire range

of equilvalent turbine speeds investigated.

Comparisons of the turbine-efficiency characteristics for both tip-
clearance ranges Investigated show the open-tip blades to be from l% to

2 points more efficlent than the closed-tip blades. Although some in-
crease In turbine efficiency wmight be atiributed to the open-tip blades,
generalization of these dats suggesting that open-tip blades will usual-
ly give a superior turbine performence relative to closed-tip blades is
not warranted because of the restricted scope of this investigation.

SUMMARY OF RESULTS

The results of a preliminary engine investlgation to determine the
performance characteristics of open-tip turbine rotor blades are summa-
rized as follows:

1. Turbine efficiency was not reduced by use of open-tip turbine ro-
tor blades compared with closed-tip blades of the same confiliguration. On
the contrary, use of open-tip rotor blades appeared to improve turbine
efficiencies slightly over those obtained with closed, smooth-tip rotor
blades. '

2. Reducing the turbine rotor tip clearance from about 0.120 to about
0.075 inch resulted in & slight increase in turbine efficiency for both
the closed- and open-tip blade configurations.

Lewis Flight Propulsion Leboratory
Nationael Advisory Committee for Aeronautics
Cleveland, Ohio, June 29, 1955
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TABIE I. - SUMMARY OF TURBINE OPERATION
Series|{Blade type Symbols Averege tip|Equivalent Operation
(figs. 4 and 5)|clearance, |turbine speed|time,
in. range, hr
rpm
1 Opeu-tip N 0.075 4610 - 5674 8.4
2 Closed-tip O .106 4602 - 5652 7.1
3 Closed-tip (o) .119 4696 - 5642 4.1
4 Closed-tip A .077 4677 - 5651 3.6
5 Open-~tip v 122 4724 - 53922 4.9
6 Open-tip & .079 4742 - 5860 4.5
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Modified blade

Standard blede

(p) Midspan.

Both bledes bhave same
profile at base

Figure 1. - Comparison of modified blade profile with that of standard uncooled
production blede.
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{a) Standard blade

{c) Closea-tip.

{h) Open-tip.

Figure 2. - Comperison of standard blade with open-tip ani closed-tip modified blades.
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Static- Total- Total-
Station Description pressure preseurs ‘temp.

‘taps probes thermocouples
0 Engine test cell 1 1 Iron~congtantan
1 Compressor inlet 11 Iron-coustagtan
2 Comprossor discharge 3 Iron-econstantan
3 Turbine inlet 3 on hwrner cenberlines
4 Engine tall pipe 30 (5 rakes) 25 Chromel-alumel

Figure 3. -~ Schematic sketch of englne chowing instmmentetion stations.
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{a) Turbine operating lines.

Figure 4. - Effect of turbine rotar tip clearance.
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Figure 4. - Concluded. Effect of turbine rotor tip clesrance.
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Equivalent work, Alp/6z, Btu/lb

Turbine efficiency, Tp
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Figure 5. - Effect of turbine rotor blade tip shape on turbine performance.
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